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A b s t r a c t  
I r r e s p e c t i v e  o f  t h e  t y p e  o f  pr imary  energy  con- 
s i d e r e d ,  e v e r y  l a r g e - s c a l e  u s e  o f  p r imary  energy  h a s  
i t s  s p e c i f i c  d i s a d v a n t a g e s .  The problem i s  t h e r e f o r e  
t o  select  and combine t h e  v a r i o u s  t y p e s  o f  pr imary  
energy  i n  a  way t h a t  i s  o p t i m a l  i n  t e r m s  o f  economics 
and h a s  a c c e p t a b l e  s i d e  e f f e c t s .  I n  t h e  medium t e r m ,  
c o a l  i s  t h e  o n l y  r e a l  a l t e r n a t i v e  t o  n u c l e a r  e n e r g y ,  
and i n  f a c t  i s  i t s  p a r t n e r  r a t h e r  t h a n  a c o m p e t i t o r .  
The l a r g e - s c a l e  u s e  o f  s o l a r  ene rgy  opens  up  supra -  
r e g i o n a l  p e r s p e c t i v e s  such  as t h e  demand f o r  l a n d  
and t h e  s t o r a g e  and t r a n s p o r t a t i o n  o f  ene rgy .  
Secondary energy  becomes a more i m p o r t a n t  f a c t o r  
and hydrogen s e e m s  t o  be a b e t t e r  p a r t n e r  f o r  s o l a r  
ene rgy  t h a n  i s  e l e c t r i c i t y .  The t i m e l y  bu i ld -up  o f  
a modern secondary  energy  sys tem i s  o f  impor tance  
f o r  t h e  l o n g e r - t e r m  energy  supp ly  r e q u i r e m e n t s .  

I. Introduction 
One decisive motive for the peaceful use of nuclear energy 
ushered in by the first Geneva Conference in 1955 was techno- 
logical and industrial innovation. Particularly for the 
Federal Republic of Germany it was of fundamental importance 
that the consequences of the lost war be overcome; a highly 
industrialized nation could not afford to lag behind in 
development in an industrially critical field. No doubt there 
were other motives, and questions of energy supply as such were 
certainly under consideration at a rather early stage; but 
innovation was the primary concern. 
For some years now the situation has been fundamentally 
different. Technological innovation was achieved by the devel- 
opment of nuclear energy for peaceful purposes, and efforts in 
the F.R.G. were successful. Meanwhile the question of an 
adequate and guaranteed energy supply has come to the fore- 
front, and at least since autumn 1973 the energy problem is of 
concern to everyone. The experts in the field of nuclear 
technology must realize that the primary motives for the use of 
nuclear energy have changed. The energy problem as a whole 
now sets the goals for nuclear technology. This has also 
influenced the questions raised in connection with nuclear 
energy, since it is now being introduced on an economically 
significant scale. One of these questions concerns possible 
alternatives. 
11. Energy Resources and Consumption 
An insight into the entire range of energy problems is 
gained by considering the available fossil energy resources in 
a general way. Table 1 shows the fossil resources for some 
parts of the world and for the entire world [ I ] .  It is 
striking to see how big coal resources are as compared to 
oil, and how unevenly both are distributed. The table also 
shows that the energy content of coal resources in the F.R.G. 
by far exceeds that of the Middle East oil resources. In this 
context it should be noted that data on fossil resources are 
a problem requiring a special methodology. Without going 
into methodological questions here, we want to stress that 
data such as those given in Table 1 should be understood as 
a quantitative description of a qualitative situation. 
Table 1. Fossil energy resources. 
Western Middle 
F.R.G. Europe East U.S.A. World 
Coal and Lignite 258 422 -- 2459 9294 
9 (10 t.c.e.)* 
Oil and Gas 0.43 15 160 50 400? 
9 (10 t.c.e.)* (possibly more) 
?'able 2 gives the number of years each of these resources would 
last if it alone were used to meet a demand of 10 kw/capita1 
of the 1974 population in the regions considered. These figures 
oE course merely, reflect the resource situation in a different 
way. But it may be useful to realize that with a world pop- 
ulation of four billion in 1974 and a demand of 10 kW/capita, 
oil resources alone would last only for 8.8 years. This 
illustrates the importance of coal resources, which would last 
Table 2. Ratio of resources and total consumption. ? 
Western 
F.R.G. Europe U.S.A. World 
Coal and Lignite 385 120 1105 204 
(years 1 
Oil and Gas 0.9 4.2 22 8.8 
(years 1 
'10 kW thermal equivalent per capita for the popu- 
lation of 1974 
 ere and in the following energy figures given in kW/capita 
kW ears 
are to be understood as capit: . year 
for only fifty years, with a world population of ten billion, the 
expected figure in 2000. As mentioned before, the figures in 
Table 2 are meant to give an impression of the time scale. 
In the long run we will not have to rely on fossil fuels; 
there is more than one option for a practically unlimited energy 
supply. Table 3 shows four options for "unlimited" supply that 
seem feasible today. Of these, only the utilization of nuclear 
fission is technologically fully developed. We know least 
about the use of geothermal energy. 
Table 3. Options for "unlimited" energy supply. 
18 Technological (1Q E 10 BTU) Resources Maturity Side Effects 
Coal 
Mature at present Unfavorable work- 
scale ing conditions 
200Q To be developed Land requirements 
large CO2 and other 
pollutions 
Fission 
(Breeder) 
Sufficient for Storage of fis- 
power plants sion products 
6 
z 5.10 Q Not yet suffi- Emission of 
cient for large radio nuclides 
scale fuel cycle 
To be developed Land requirements 
for large scale Materials require- 
Solar a ments 
Climatic disturbance? 
Storage and 
transportation 
To be developed Storage of 
6 activated material Fusion 
(D - T) = 10.10 Q Emission of 
radio nuclides 
Geothermal 3 5.10 Q 
( ? I  
To be developed Storage of waste? 
Emission of 
pollutants? 
Earthquakes? 
In the following, large-scale utilization will be discussed, 
including the possibility of meeting the entire primary energy 
demand of the world by one option. At that rate effects that 
would be negligible in case of small-scale use become fundamental 
issues that are decisive for the choice of one option or the 
optimum combination of options. In the case of nuclear fission 
energy, there is much discussion today about final storage of 
radioactive waste. Such problems would occur in any option if 
it were utilized on a large scale: in the case of solar energy, 
the enormous land demand and related material demand. Here the 
systems analyst could contribute a great deal [ 2 1 .  In the long 
run the most critical issue is not the question of resources 
for an adequate energy supply, but rather the restrictions intro- 
duced by the above-mentioned effects. In the short run, however, 
we are faced with the problem of energy supply stemming from 
resources, while other issues are not yet important. In a 
comparison of the short- and long-term energy situation, the 
transition period becomes highly interesting and decisive. The 
three obvious phases of the energy problem are shown below. 
Phase Characteristics Period 
Short term Administration of fuel short- Now - 1 9 8 5  ( 2 )  
ages. Preparation for the 
transition phase. 
Transition Substitution of oil by coal, 1985  - 2050 
nuclear electricity. 
Asymptotic Based either on: 
fission, fusion 
solar, or geothermal 
Or on: coal 
2000 Onwards 
Seen in this perspective, it becomes clear that even long-term 
aspects are relevant today, because technological and institu- 
tional preparation for the transition period must begin now, and 
must be adjusted to the asymptotic phase. 
The time scale for the transition from the short-term to the 
asymptotic phase of the energy problem is determined largely by 
energy consumption. Measures to save energy prolong the time 
scale; that is, we gain time. Since we have dealt with the 
question of energy resources in a worldwide context, energy 
consumption has to be regarded in the same way. In Figure 1  
the number of countries is given as a function of the per capita 
energy consumption for the year 1 9 7 1  [ 3 ] .  It shows the over- 
whelmingly large number of countries with a per capita consump- 
tion of less than 2  kW and the very small number of countries 
I 
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Figure 1. Distribution of per capita energy 
consumption in 1971. 
with a high per capita consumption. The resulting political 
problem is recognized more clearly today. Table 4 shows roughly 
the distribution of demand. The sector "other" refers mainly 
to households and small consumers. The percentage of this 
Table 4.  Energy consumption for some 
groups of countries (annual) . 
Percentage of Sectors 
Group (kW years/cap) Industry Transport Other 
U.S.A. E > 7  4 2  2 2  36 
Europe, 
Japan 
Developing 
Countries 
sector increases with rising per capita consumption and has to 
be taken into account in addition to the industrial sector. 
A more detailed description of the relationship between 
primary energy and final consumption in the F.R.G. is given in 
Figure 2 [ 4 ] .  Energy consumption in 1971 amounted to 350 million 
t.c.e. Only about 27% of the primary energy demand is used 
for electricity generation, and in the case of consumption only 
12%. AS was mentioned, the sector "households and small con- 
sumers" is practically equal to the sector "industry". The 
large proportion of oil as shown in Figure 2 should be noted; 
it amounts to 55% of the primary energy demand. 
When in the following chapters we deal with questions of 
nuclear energy and its alternatives, we want to go beyond the 
sub-sector electricity because this aspect alone would not 
suffice to solve the problem of an adequate and guaranteed 
energy supply. In the introduction we stated that in general 
an adequate and guaranteed energy supply is the framework for 
proper assessment. In practice the various types of primary 
energy will always exist side by side. It is thus advantageous 
to carry each individual type to its extreme. 
Nuclear Energy on a Large Scale 
One example of a reactor configuration that would, at least 
in principle, meet the entire primary energy demand is shown in 
Figure 3. If in the long run one wants to rule out de facto 
all limitations imposed by fuel resources, breeding is one way. 
Using the breeding product of a fast breeder to cover the 
U 233 net demand of a high-temperature gas-cooled reactor (HTGR), 
the latter can operate with thorium 232 alone. Of course the 
further growth of a reactor population of that type would then 
be severly restricted, unless--as in the transition phase--one 
again enriches cheap uranium and operates light water reactors, 
as is being done in the present development phase. Such a con- 
figuration can generate both electricity and process heat. 
Process heat can be used e.g. for thermochemical production 
of hydrogen as a secondary energy source. In a linear program- 
ming model of medium size, A. Manne and W. Hafele studied in 
detail the conditions for a transition from the present situ- 
ation to supply by the above-mentioned reactor configuration 
[5]. It was assumed that the ratio between electric and non- 
electric energy demand is 1:l. According to the assumption 
used, the transition to the asymptotic state considered took 
about fifty years. One of the results of this analysis was 
that the restrictions imposed by the limited resources of cheap 
uranium are as serious as those imposed by limited oil resources; 
oil, coal and light water reactors are expressly required for 
the transition phase. It should be stressed again that the 
2 A 1 t.c.e. = 2.73 lolo Wattsec. 

ELECTRICITY y--- PROCESS f (  H 2 0 - H 2 *  
1 
' T O 2  OR 
COAL GASIFI- 
CATION ) 
Figure 3. Asymptotic integrated reactor system. 
reactor configuration discussed here is an example of energy 
supply based entirely on the utilization of nuclear fission 
energy. Naturally other configurations are possible. 
In a scenario of 360 million people--corresponding to 
Western Europe--with a primary energy demand of 10 kW/capita, 
the following nuclear power facilities are required: 200 
reactor sites with 18 GWth each, about twenty fabrication plants, 
twenty reprocessing plants, 140 intermediate storage facilities, 
and ten final storage facilities. Of course these figures 
depend on the size of the plant involved, but according to the 
present state of the art they are representative. To obtain 
the figures that would apply to the F.R.G., one would have to 
use an appropriate fraction, i.e. one sixth. 
According to a study by R. Avenhaus, W. Hafele, and 
P. McGrath [6], the fuel amounts shown in Figure 4 are processed 
in the fuel cycle of the scenario outlined here. A total of 1702 
tons of nuclear material (U238 and thorium) is consumed annually. 
Only 1382 tons/year remain as fission products. (320 tons/year 
go into side processes--the formation of actinides, plant losses, 
and actual emissions into the ecosphere; see Figure 4.) For 
the breeder cycle and the breeder and HTGR cycle, the corre- 
sponding annual figures are 924 tons plutonium and 363 tons 
U233 respectively. All these figures characterize the problem 
arising at normal operation from nuclear power on a large scale. 
On this basis, the constraint factors and safety precautions 
can be evaluated that must accompany the installation of a 
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Figure 4. A fuel cycle for an all nuclear 
society (yearly throughputs) . 
-- - 4 REFABR 1 
nuclear fuel cycle. Nuclear technology has to face these chal- 
lenges openly. In public discussions on nuclear energy such 
issues come up again and again. 
u 8  
Before we turn to solar energy, just a few words on nuclear 
fusion, the second of the four options mentioned. Today real- 
ization of the D-T reaction can be expected with some confidence 
[ 7 ] .  When the Lawson criterion is met, a net energy gain is 
possible. Here primarily the 14 PleV neutrons carry the energy 
released. In the presence of 14 MeV neutrons activations and 
radiation damage are inevitable. In view of the diversified 
nature of the activation patterns, which have to take into 
account not only (n,y) but also (n,a) , (n,2n), (n,p) and other 
nuclear processes that may be pronounced with 14 MeV, activations 
comparable to the radioactivity of fission products may well 
occur. This is true e.g. for niobium, which was being considered 
as a structural material some years ago [ 8 ] .  
6 0 0  
REFABR 
(351)t 
T h 
--- 
Today stainless steel and vanadium are considered as struc- 
tural materials for fusion reactors. Consequently, the total 
activity released in a fusion reactor cycle may be lower by a 
factor of 30 to 100 than that of nuclear fission reactors. 
Qualitatively, however, we are faced with the same critical 
questions on constraint factors and safety measures that were 
discussed for the utilization of nuclear fission energy. Here 
we want to refer to a study made by C. Starr and W. Hafele two 
years ago, comparing fast breeder reactors and fusion breeders, 
i.e., D-T reactors [ 9 ] .  This comparison is currently being 
extended and improved. Since there is no reference model today 
of a technologically operational fusion reactor, we conclude 
this brief outline. 
IV. Solar Enerav 
Nuclear energy is a highly concentrated form of energy. As 
is well known, lg or a fraction of 1  cm3 of fissile material pro- 
duces 1MW of energy. In contrast, solar energy comes to us in a 
dilute, non-stable and diffuse form. Figure 5 shows the solar 
power flows of the atmosphere. The figures given are average 
values comprising all rang s, including day and night. Of the 
3 4 0  w/m2 which enter per mf of the earth's surface, approximately 
1 6 0  w/m2 reach the surface. This provides at least a rough idea 
of the average solar power density. One should also keep in mind 
that approximately 75 w/m2 are used for the rain-evaporation cycle. 
S=3LOWlm2  
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Figure 5. Solar power flows. 
Some basic questions of importance for evaluating the solar 
option are listed below. 
What technologies are potentially available 
Timetable for development, commercial use 
Expected costs, capital and operating 
What are the impact-s of large-scale construction 
and operation of such systems: 
Environmental 
- Land use 
- Water use 
- Regional and global climatic 
- Air and water pollution 
Materials 
Energy 
Technology, timing, and costs are obviously among them. Less 
obvious are the side effects on the environment. Land and water 
demand, micro- and macro-climatic effects, and the impact on air 
and water connected with the clearing of large land areas have 
to be considered. Structural materials and energy required for 
building large solar power plants must also be taken into 
account. Many such aspects are not significant if solar energy 
is utilized on a small scale. As in the case of nuclear energy, 
such effects become important only with large-scale application, 
but then can become crucial. 
Before going into details on the utilization of solar energy, 
some basic data on the subject is presented. The global solar 
radiation in Vienna and in Phoenix, Arizona, according to Lof 
et al. [lo], is shown below (in kwh/rn2 - day) . 
City January April July October Annual 
Vienna (Austria) 0.8 3.9 5.3 1.9 2.96 
Phoenix, Arizona (U.S.A.) 3.5 7.5 7.6 5.3 6.05 
The annual average in Vienna is 3 kwh/m2 day: in Phoenix it 
is twice as much. Apart from the difference in annual averages, 
there are also deviations from this average. In Vienna the ratio 
of maximum to minimum is approximately seven, while for Phoenix 
it is approximately two. These figures give an indication of the 
crucial importance of energy storage for the utilization of 
solar energy. The land required to supply 1 GWe average power 
i s  g i v e n  below. 
System E f f i c i e n c y  I n s o l a t i o n  (kwh/m2 - day)  
With a  s y s t e m s  e f f i c i e n c y  o f  0.1 t h e  l a n d  a r e a  r e q u i r e d  t o  gen- 
e r a t e  1  GWe w i t h  a v e r a g e  i n s o l a t i o n  o f  3 kwh m2 - day  i s  
e i g h t y  km2. T h i s  f i g u r e  i s  v e r y  h i g h .  The q u e s t i o n  now a r i s e s  
whether  such  c o n t i g u o u s  a r e a s  can  be  p r o v i d e d ;  f o r  t h e  F.R.G. 
t h e  answer i s  a  c l e a r  no. 
F i g u r e  6 shows t h e  a r e a  o f  l a n d  t h a t  would b e  r e q u i r e d  
F i g u r e  6 .  Land demand: s o l a r  ene rgy .  
f o r  t h e  u t i l i z a t i o n  of  s o l a r  energy i f  300 m i l l i o n  t . c . e .  w e r e  
t o  be p rov ided ;  t h i s  f i g u r e  co r r e sponds  t o  85% of t h e  energy 
consumed i n  t h e  F.R.G. i n  1970. I t  i s  c l e a r l y  imposs ib l e  t o  
supp ly  s o l a r  co n v e r t ed  energy on t h i s  s c a l e  i n  t h e  F.R.G. T h i s  
wou1.d be t r u e  even i f  a  l i m i t e d  number of  s m a l l e r  a r e a s  w e r e  
used.  I f  one were t o  r e l y  e n t i r e l y  on s o l a r  energy  i n  t h e  
F.R.G., t h e  secondary  energy ga ined  from s o l a r  energy  would have 
t o  be  t r a n s p o r t e d  o v e r  long d i s t a n c e s .  Thus n o t  on ly  ene ry  
s t o r a g e  b u t  a l s o  energy  t r a n s p o r t  become c r u c i a l  a s p e c t s  of 
t h e  l a r g e - s c a l e  u t i l i z a t i o n  of  s o l a r  energy.  I f  a  number o f  
s m a l l e r  s o l a r  energy  c o n v e r t e r s  and t h e i r  s t o r a g e  sys tems a r e  
i n t e g r a t e d ,  power c o n d i t i o n i n g  a l s o  becomes a  major  f a c t o r .  I t  
is  n o t  enough t o  c o n s i d e r  on ly  t h e  energy  c o n v e r t e r .  
A l l  t h i s  d em o n s t r a t e s  t h a t  e l e c t r i c i t y  i s  n o t  n e c e s s a r i l y  
t h e  secondary  energy form b e s t  s u i t e d  f o r  l a r g e - s c a l e  conve r s ion  
of s o l a r  energy .  The s i t u a t i o n  i s  d i f f e r e n t  i n  t h e  c a s e  of 
mechanical  energy .  I n  A u s t r i a  a  l a r g e  p a r t  of  t h e  e l e c t r i c i t y  i s  
g e n e r a t ed  by means of  h y d r o e l e c t r i c  f a c i l i t i e s .  T h i s  opens up 
some p o s s i b l e  b u l k - s t o r age  s o l u t i o n s .  Another  approach i s  
s t o r i n g  energy  i n  chemica l  form. Hydrogen a s  a  secondary  energy 
s o u r c e  seems t o  o f f e r  e s p e c i a l l y  good p r o s p e c t s  f o r  s t o r a g e  and 
t r a n s p o r t ;  it may be  t h e  secondary  energy form most s u i t a b l e  f o r  
s o l a r  energy .  (More on t h i s  t o p i c  w i l l  b e  d i s c u s s e d  l a t e r . )  
These r e f l e c t i o n s  ap p l y  on ly  t o  t h e  u t i l i z a t i o n  of s o l a r  energy 
on a  l a r g e  s c a l e .  I n  view of  t h e  abundance of  schemes f o r  t h e  
u t i l i z a t i o n  of  s o l a r  energy  now be ing  d i s c u s s e d ,  it may be  
h e l p f u l  t o  look more c l o s e l y  a t  f o u r  o f  them. 
S o l a r  house,  3-10 kW 
Tower co n cep t ,  100 M W e  
P h o t o v o l t a i c ,  many s m a l l  sites 
Ocean t h e r m a l  g r a d i e n t ;  10 GWe ? 
These f o u r  g r e a t l y  d i f f e r i n g  schemes p r o v i d e  t h e  frame w i t h i n  
which t h e  u s e  o f  s o l a r  energy  must be  examined. They a r e  
b r i e f l y  o u t l i n e d  h e r e .  
The l e a s t  s p e c t a c u l a r  b u t  pe rhaps  most impor t an t  scheme a t  
o u r  l a t i t u d e  i s  t h e  s o l a r  house. The b a s i c  i d e a  i s  t o  make u s e  
of  t h e  roof  o f  a  house.  F i g u r e  7  shows how p h o t o v o l t a i c  and 
the rmal  p a n e l s  a r e  a r r anged .  I n  l i n e  w i t h  o u r  e a r l i e r  r e f l e c -  
t i o n s  on energy s t o r a g e ,  a  the rmal  s t o r a g e  u n i t  and a  b a t t e r y  
must be ~ r o v i d e d .  The f a c t  t h a t  t h e  s o l a r  house s t i l l  needs  
,. 
backup power co n n ec t i o n s  n e c e s s i t a t e s  power c o n d i t i o n i n q .  Energy 
t r a n s p o r t  i s  h a r d l y  r e l e v a n t  f o r  t h e  s o l a r  house. The e n t i r e  
scheme i s  u s u a l l y  r e s t r i c t e d  d e  f a c t o  t o  a  range  of  3-10 kW. 
,. COMBNEO PHOTO- 
HOUSE HEAT 
I 
Figure 7. Solar house (simplified diagram). 
Figure 8 shows the central receiver concept (tower scheme); 
this is an electric station scheme. A surface fitted with 
adjustable mirrors collects solar energy and focuses one direct 
component of solar energy on a steam boiler mounted on top of 
the tower. This scheme is thus not suitable when the sky is 
clouded. Assuming a tower height of approximately 200-300 m, 
the expected output of such a power plant could be in the range 
of 100 MWe. For assessing the land demand, the type of opera- 
tion envisaged is decisive. Twelve hours storage requires three 
times as much space as short-term operation that merely supple- 
ments a fossil or nuclear power plant. In the first case, three 
modules are required; in the second case, only one. If we want 
twelve hours storage and want to replace a base- oaded nuclear 
power station of 1 GWe, thirty modules of 1.3 km3 each are neces- 
sary, i..e. approximately forty km2. This figure applies to the 
Southwest rn U.S.A.; at our latitude it would be closer to 
eighty km5, with the additional problem of long-term (seasonal) 
storage. (See comments on the storability of hydrogen.) 
Figure 9 shows the chain of losses as they occur in the 
tower scheme. If direct solar radiation incident on the total 
mirror surface is taken as 100%, we must deduct geometrical 
losses through shadowing and the angle of incidence, decreasing 
the percentage from 100 to seventy. Reflection losses further 
reduce the figure to sixty-two, absorption losses to fifty-six, 
* *  I-' 
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thermal losses at the receiver to fifty-four, pumping losses 
to fifty-three, storage and thermal losses to forty-nine. hith 
a normal turbine-generator thermodynamic efficiency of 0.34, we 
finally reach 17%. These figures apply t-o the clear sky 
environment typical of the Southwestern U.S.A. 
The third scheme for solar energy utilization employs photo 
cells, i.e. uses the visible portion of the solar spectrum and 
does not depend on cloudless sky. Note also that, as photo 
cells do not require contiguous areas, small units of land can 
be used--an advantage that is of particular relevance for 
Central Europe. On the other hand the need arises to integrate 
the small power outputs of widespread areas. The scheme is a 
kind of agricultural approach to "harvesting" solar energy if 
uncropped land or wasteland is used. In the F.R.G. profits 
would be DM 30,000 per hectare and year for DM .03/kWh produc- 
tion costs, while current agricultural profits are DM 10,000 
per hectare and year. Integration into an electricity or 
hydrogen network seems advantageous. 
The fourth scheme involves the use of large, coherent areas 
of the open sea. It would be natural to make use of the tem- 
perature gradient of the upper layers of the sea; for studies 
on this topic see [11, 121. Covering large parts of the sea 
with floating platforms should also be envisaged. Such utili- 
zation of solar energy is still far from feasible, both tech- 
nologically and economically. More important than the techno- 
logical details is the fact that this solution approaches 
geo-engineering, which by its nature goes far beyond national 
boundaries and planning and therefore demands a political and 
international situation different from the present one. Note 
that energy storage and transport again have a decisive function. 
What about the costs of electricity produced by solar 
energy conversion? For an answer to that question we refer to 
studies by the Aerospace Corporation [13], which did a compara- 
tive rating of technological schemes. 
Table 5 gives the computed costs for a solar power plant 
in Arizona (central receiver system). Depending on the mode of 
operation, costs range from $ 1000/kWe to $ 500/kWe.3 It should 
be recalled that at the latitude of Central Europe, the area of 
land and thus the number of mirrors associated with a specific 
j ~ h e  final costs are a function of the type and size of the 
on-site energy storage subsystem employed. Also, these costs 
per kWe are for a nameplate capacity (turbine-generator ratinq) 
of SO to 100 MWe, with a solar utilization factor in Arizona 
of roughly 0.2 tb 0.25 (maximum of six hours per day average over 
the year) . 
Table 5. Power plant cost estimates (Arizona) 
central receiver concept (1 00MWe) [$/kWe] . 
Baseload Intermediate Peaking 
2 Collector area (km ) 1.5 1 .O 0.5 
Storage (h) 12 6 3 
Land 
Structures and Facilities 
Heliostats 
Central Receiver/Tower/Heat 
Exchanger 
Storage/Tanks 
Boiler Plant 
Turbine Plant Equipment 
Electric Plant Equipment 
Miscellaneous Plant Equipment 
Allowance for Cooling Towers 
Total Direct Cost 926 
Contingency Allowance 5 1 
Spare Parts Allowance 5 
Indirect Costs - 92 
Total Capital Investment 
( 1 973) 1074 
Source: Aerospace Corporation 
annual kWhe generation requirement would be twice as high; 
accordingly the capitalized costs of the solar-derived elec- 
tricity would be at least twice as high as in Arizona (or 
similar environments). 
Table 6 compares some reference data of photo cells and 
the central receiver system in Arizona. In the case of Arizona 
the estimated costs for base-loaded4 operation are higher by 
a factor of three to five than for nuclear energy. At our 
latitude this factor is even greater. 
V. Coal 
Strictly speaking coal is not one of the four options mentioned 
which are de facto not limited by fuel resources. However, 
coal resources in some places are so large that the coal option 
must be seriously considered, at least for the F.R.G. Let 
4 ~ h e  utilization factor drops to as low as 0.1 for regions 
of Central Europe. 
Table 6. Some characteristics: photovoltaic cells 
and central receiver system. 
Tower Photovoltaic 
Efficiency 0.12 0.10-0.20 
Module Size 100 MWe 0.3-3.0 kWe (mean) 
Minimum Demand 
for Land 
Optimistic 
Costs 
First 
Demonstration -1985 (10 MWe) -1980 (100 kWe) 
Plant 
Normal Operation -1 985-1 990 ? -1985 ? 
Source: Aerospace Corporation 
us look once again at world resources. Table 7 lists the coal 
resources of some countries. Most noticeable are those of the 
U.S.A., U.S.S.R. and China; compared to the coal resources of 
other countries the F.R.G. holds the top position. With a 
possible future primary energy consumption of 1000 million t.c.e. 
(today approximately 400 million t.c.e.1, the F.R.G.'s resources 
would last for another 260 years. As member of the European 
Communities the F.R.G. has certain supply obligations within 
Europe, on account of which European demand can be met only for 
another 80 to 100 years. 
In practice the mining output is considerably smaller. 
Table 8 shows the coal production in the F.R.G. In 1964 142 
million t were produced, in 1972 only 102 million t. The number 
of those employed decreased from 399,000 to 221,000; the mining 
output increased from 2.6 t per person and shift to 4.0 t. The 
first revision ("Fortschreibung") of the Federal Government's 
energy program of 1974 (see Table 9) estimates for 1980 a mining 
capacity of ninety-four million t, the electricity production 
industry and the iron and steel industry being the main poten- 
tial customers. For comparison, recall that in 1980 a primary 
energy consumption of more than 400 million t.c.e. is to be 
expected. 
The relatively small and decreasing annual mining output 
in spite of the existing large resources is not mere coincidence. 
Coal mining is difficult and entails hard working conditions. 
Coal deposits in the F.R.G. are at great depths. Despite the 
large resources, the market share of coal has decreased. 
9 Table 7. World coal resources (in 10 t.c.e.). 
Commercial Total 
F.R.G. 
U.S.S.R. 
U.S.A. 
China 
Great Britain 
Poland 
C.S.S.R. 
Canada 
Columbia 
Australia 
Japan 
India 
South Africa 
World 472.94 9293.81 
Source: World Energy Conference 1974 
Table 8. Coal production in the F.R.G. 
Production 
(million t) 
Employed 
(thousands) 
Production perfor- 
mance per man and 2.6 3.5 4.0 
shift (t) 
Source: Energy Program of the F.R.G., 1973 
Table 9. Product ion and s e l l i n g  of c o a l  
i n  t h e  F . R . G .  ( i n  m i l l i o n  t )  . 
Product ion Capaci ty  1980 9 4 
Poss ib l e  Customers: 
E l e c t r i c i t y  35 
I r o n  and S t e e l  I n d u s t r y  25 
R e s i d e n t i a l  and I n d u s t r y  1 1  
Exports  18 
T o t a l  89 
Source: F i r s t  r e v i s i o n  (For t schre ibung)  of t h e  
F . R . G .  Energy Program, 1974. 
F igure  10 shows t h e  r e l a t i v e  market s h a r e s  F of primary energy 
i n  t h e  F . R . G .  I t  i n d i c a t e s  t h e  dec reas ing  s h a r e  of c o a l ,  t h e  
i n c r e a s i n g  s h a r e  of o i l  up t o  a maximum, and t h e  s t i l l  i nc reas -  
i ng  s h a r e  of n a t u r a l  g a s ,  a s  w e l l  a s  t h e  p r o j e c t e d  s h a r e  of 
nuc l ea r  energy.  The graph a l s o  i n c l u d e s  a s h a r e  " a d d i t i o n a l  
c o a l " ,  which i s  i n c r e a s i n g  g r e a t l y .  Th i s  s h a r e  was l i s t e d  
s e p a r a t e l y  from t r a d i t i o n a l  c o a l  because it w i l l  have t o  be  
mined and used d i f f e r e n t l y  t han  i n  t h e  p a s t .  
These i n t e r r e l a t i o n s  become c l e a r e r  when t h e  p a r t i t i o n i n g  
and f i n a l  consumption of secondary energy,  shown i n  F igu re  1 1 ,  
a r e  cons idered .  S ince  1950 consumers have tended t o  swi tch  
from s o l i d  f u e l s ,  t o  l i q u i d  f i r s t  and l a t e r  t o  gaseous second- 
a r y  energy.  Obviously t h e  reason f o r  t h i s  i s  t h a t  l i q u i d  o r  
gaseous f u e l s  a r e  e a s i e r  t o  handle .  The same a p p l i e s  t o  e l e c -  
t r i c i t y  a s  a secondary energy sou rce ,  whose s h a r e  i s  a l s o  
i n c r e a s i n g .  
I n  t h e  long term, approximately  by t h e  year  2000, it i s  
t o  be expected t h a t  l i q u i d  secondary energy w i l l  be conf ined 
t o  t h e  t r a n s p o r t  s e c t o r ,  t h a t  t h e  s h a r e  of e l e c t r i c i t y  w i l l  
make up 20% of t h e  consumer market ,  and t h a t  gaseous secondary 
energy w i l l  t a k e  ove r  t h e  l a r g e s t  p a r t  of t h e  secondary energy 
market.  The s h a r e  of h o t  wate r  w i l l  probably be  l i m i t e d .  
Consequently, t h e  s h a r e  of  " a d d i t i o n a l  c o a l "  i n d i c a t e d  i n  
F igure  10 w i l l  have t o  be produced by g a s i f i c a t i o n  of coa l .  
Also l i q u e f a c t i o n  of c o a l  appears  p o s s i b l e .  But t h e  l a t t e r  i s  
expensive:  an o i l  p r i c e  of $ I l / b l  correspofids t o  a p r i c e  of 
DM 20/Gcal. With energy p r i c e s  of  t h a t  o r d e r ,  c o a l  g a s i f i c a t i o n  
i s  under s e r i o u s  c o n s i d e r a t i o n ;  however, t h e  main problem wi th  
t h i s  s t r a t e g y  would be  t h e  long-term gua ran tee  of an energy 
p r i c e  of DM 15-20/Gcal. Th i s  i s  a p o l i t i c a l  and i n s t i t u t i o n a l  
YEAR 1975 
F i g u r e  10 .  P a s t  and in tended  energy  s h a r e s  
i n  t h e  F.R.G. (1975-1985 Energy 
Program of t h e  F. R.G. 1 . 
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problem. The "additional coal" program will not be implemented 
if energy price reduction by international politics may at any 
moment endanger investments in the coal sector. Furthermore 
we must face the fact that highly subsidized coal may turn out 
to be uneconomical in the long run. A new way to use coal 
leads to very complex economic questions not primarily of a 
technological nature. 
These questions do not arise in connection with the utili- 
zation of nuclear energy, where production costs for thermal 
power are DM 9/Gcal. One should also remember that the price 
difference between coal energy and nuclear energy is considerably 
smaller than that between solar and nuclear energy. 
The following critical questions come up when introducing 
"additional coal" on a large scale. 
Guarantee of long term energy prices 
Social requirements 
-Prestige 
-Salaries 
Land requirement, damage to landscape 
Environmental impacts of mining on the site 
Accident and health risks 
Global effects of burning coal 
Mining technique 
Transport of energy from coal 
-As coal 
-As secondary energy 
Coupling to forms of secondary energy 
Required 
- Manpower 
- Capital 
- Energy 
Timing 
These questions must be seen in the light of our comments on 
the use of additional coal. If coal is to be an alternative 
to nuclear energy and not only a supplementary form, more 
than 350 million t must be prcduced. For Western Europe 1000 
million t are required now and 2000-3000 million t later on; 
this means that we must reckon with a factor of eight to ten. 
Side effects then turn into decisive effects. One aspect in 
particular should be stressed: the global effects of burning 
coal. Even with complete removal of dust and desulfurization 
of coal, the C02 problem necessarily remains: the "greenhouse 
effect" which could lead to thermal pollution of the atmosphere. 
Much has been said on this topic recently [14]. An increase 
in C02 concentration involves a climate-risk problem that is 
somewhat similar to risks of nuclear technology: it cannot be 
tested by the conventional trial and error method. Once 
impacts on the climate occur, they must be regarded as irre- 
versible and very serious. Moreover, the time periods involved 
are longer than man's technological experience in this field. 
Evidently, there are parallel features with the nuclear-waste 
problem. In the case of nuclear technology these aspects have 
been considered; in the case of alternatives to the nuclear 
option, we must force ourselves to think along these lines: 
our experience in the utilization of coal (or another option) 
on a small scale has kept us from analysing the residual risks. 
What would the rigorous reduction of the residual risk con- 
nected with the utilization of coal on a truly large scale imply? 
We offer a somewhat speculative but typical view: the combus- 
tion product C02 should not be released into the atmosphere but 
transported directly to the deep sea, where in the very long run 
C02 as carbonate is deposited in any case. One must bypass the 
long time constants of mass transport in the sea in various depths. 
Marchetti [ I 5 1  has proposed that a number of large coal 
parks be located in the Strait of Gibraltar, where, by burning 
coal, ammonia and hydrogen are produced, which do not cause a 
C02 problem when burnt. The Strait of Gibraltar offers the 
advantage of an ocean current flowing at small depth from the 
Atlantic Ocean into the Mediterranean, while at greater depth 
another current flows into the opposite direction and falls 
rapidly into the depths of the Atlantic. This deeper current 
could in principle rapidly transport large amounts of C02 into 
great depths, provided that C02 is released not into the atmo- 
sphere but directly into the sea. There are other similar pre- 
cipitating ocean currents. Just as in the case of solar energy 
utilized on a truly large scale, here again one approaches the 
field of geo-engineering. It is not our intention to elaborate 
the Gibraltar proposal here in great detail. Rather, we want 
to define the criteria to be applied to the utilization of coal 
if it is to be regarded as an alternative to nuclear energy, and 
if, as was done for nuclear technology, the hypothetical residual 
risks are to be reduced. Instead of becoming an alternative, it 
is more likely that in the medium term coal will become a valu- 
able partner for nuclear energy. If we examine the transition 
to that relationship, the utilization of coal involves less 
dramatic aspects; but some critical questions remain. 
The guarantee of a long-term energy price was discussed 
earlier. An equally difficult problem is that of the social 
conditions of mine workers. The problem cannot be solved by 
wages alone. If coal is used on a large scale in the F.R.G., 
land demand and subsidence have to be very carefully studied 
as a systems problem. Environmental problems and mining 
techniques are problems that are known as such. The transport 
of coal or its linkage with marketable secondary energy forms 
are predominantly a technological problem. Labor, capital, 
and energy demand for new mines and new mining techniques also 
create a problem. The serious question arises how much time is 
left to implement these basic changes. 
Table 10 gives the time periods it took various primary 
energy sources to gain or lose 50% of a market [161. These 
periods are all longer than fifty years. One should keep in 
kind that the world oil supply also seems to be guaranteed for 
only about fifty years. Traditionally this has been considered 
a long term; in reality little time remains to carry out the 
enornlous technological-economic changes and adaptations that 
have become necessary. 
Table 10. Penetration periods. 
AT: Period for gaining or losing a 
market share of 50%. 
Wood Coal Oil Gas 
- -- 
AT 60 66 52/135 95 
(years) 
VI. Comments on Geothermal Energy 
Before trying to arrive at a synthesis, a few comments on 
the heat of the earth's crust, since it has been listed among 
the long-term options. While the term geothermal covers the 
heat of the dry rock as well as heat from sources of hot water or 
stearn, we will discuss here mainly dry heat because of its impor- 
tance as a long-term option. The global potential of sources of 
hot water and steam amounts to approximately sixty GWe and is 
therefore no alternative to nuclear energy. For the same reason 
we do not include wind, waves, and tide. These energy sources 
have local importance, if any; they cannot be regarded as an 
alternative to primary energy sources of global dimensions. 
Per 1000 m depth the earth temperature rises by 30'~. 
This is an average value; there may be local variations. If 
we take the area of the F.R.G. at a depth of 5000 m, this 
would, in mathematical terms, mean a certain energy content, 
amounting approximately to that of world oil reserves. In 
this statement a temperature level of 100'~ is assumed. 
With conversion into usable mechanical energy, the figures 
change accordingly. 
These are purely mathematical considerations. The soil 
below the F.R.G. certainly cannot be equipped with a network 
of pipes. Such a network would have to be very dense given 
the low thermal conductivity of the soil. Moreover, the effect 
of a temperature decrease on the mechanical equilibrium of the 
ground cannot be foreseen. These questions would have to be 
answered, particularly for earthquake zones. 
It must be admitted that the conditions relating to large- 
scale utilization of geothermal energy are as yet little 
understood; much more analysis [17] is necessary. With these 
few comments we will leave this topic. 
VII. A Synthesis 
After this brief outline of the options nuclear energy, 
solar energy, and coal, the question arises: where does this 
lead us? For an answer to this question, we refer to Figure 12, 
which sketches a decision tree for creating an advanced energy 
system. We start the decision tree by asking, for example, 
- 
Figure 12. A decision tree for advanced energy systems. 
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whether nuclear energy is to be introduced on a large scale in 
the F.R.G. This question can be answered only in the light of 
existing alternatives. As things stand now, "additional coal" 
seems one likely alternative; in this case the appropriate 
decision tree is used. 
If the answer to the question of nuclear energy is yes, 
the next question is whether electricity only or also other 
forms of energy are to be generated by nuclear power. If only 
electricity is to be produced, then the share of electricity in 
final consumption can be greatly increased by specific measures, 
including subsidies; otherwise the share of nuclear energy is 
limited and again we have to resort to "additional coal". If 
nuclear primary energy is to be used for more than generating 
electricity, the next question is whether one wants to go into 
the fundamental problem of energy transport and storage. If 
not, one must rely on local, independent generation of nuclear 
process heat. The amount of energy thus produced is very 
limited--5% to 7% of the secondary energy consumption--since 
the major part of non-electric consumption is divided into 
many small units. We have seen that the secondary energy mar- 
ket demands, in addition to electricity, a gaseous source of 
energy. Here we have reached a critical point: what the con- 
sumer market requires accords with the expected integration of 
primary energy sources. Certainly synthetic hydrocarbons will 
be the first to be integrated. If the process heat required 
for gasification of coal, i.e. the use of "additional coal", 
is provided by nuclear sources, the value of coal reserves will 
be doubled, since nuclear heat would allow the production of 
twice as much synthetic gas. At the same time the most 
promi.sing primary energy sources, nuclear energy and coal, would 
be integrated in a way that is responsive to the consumer's needs. 
A secondary energy network distributing hydrocarbons can 
easily accommodate large amounts of hydrogen. Also, a really 
large network acts as a natural storage unit. If solar energy 
is utilized, it can also be integrated into the existing 
consumer network. This implies that solar energy should 
produce primarily hydrogen. Figure 13 shows the European pipe- 
line network existing today [19]. It reaches areas that are 
more suitable for the utilization of solar energy than Central 
Europe. 
The next question on the decision tree is whether the two 
forms of secondary energy should be mutually convertible or 
not. In case of long-term use of hydrogen, convertibility is 
ensured by electrolysis and/or fuel cell [18]. 
Thus the pattern of an adaptable, modern energy system with 
an inherent redundancy emerges, in which the problem of a 
suitable combination of primary energy sources is solved on 
the basis of logical and economical considerations, while the 
consumer market is decoupled and can follow its own trends. 

VIII. Final Remarks 
1. The large-scale utilization of any primary energy 
source involves specific disadvantages that occur as negligible 
side effects when applied on a small scale but turn into decisive 
effects if applied on a large scale. The ensuing problem is the 
choice of an optimum combination of primary energy sources 
that is economical and whose disadvantages are tolerable. 
2. In the medium term, the only alternative to nuclear 
energy is energy from coal. In contrast to nuclear energy, 
its utilization beyond today's level, i.e. on a truly large scale, 
leads primarily to the political and institutional problem of 
long-term guarantees for a minimum energy price. On this basis 
drastically new techniques of coal mining and coal use can be 
envisaged, with gasification of coal having top priority. We 
must clarify to what extent residual risks accompanying such a 
development are acceptable. Rather than being an alternative 
coal will function as a partner of nuclear energy. The neces- 
sity for this follows from the demand of the consumer market 
for a gaseous source of secondary energy. 
3. At our latitude solar energy can be used initially 
only by way of the "solar house"; that is, it can meet only a 
fraction of the demand for secondary energy. Large-scale 
utilization of solar energy directly involves superregional 
dimensions, in particular land demand, energy storage, and 
energy transport. Hydrogen is more suitable for solar energy 
than electricity. Today solar energy is still three to five 
times more expensive than nuclear energy. It will thus gain 
ground--if at all--only in the long run; the time scale for 
the possible introduction of hydrogen as a secondary energy 
source accords with this fact. 
4. The necessity for a long-term guaranteed and economical 
primary energy supply suggests that priority should be given 
to the prompt establishment of a modern secondary energy system, 
with a gaseous secondary energy source in addition to electri- 
city. A possible long-term solution is hydrogen, since the 
two forms of secondary energy would be mutually convertible. 
This also means that secondary energy could be stored. 
5. The time scale for the developments discussed here is 
thirty to fifty years. Considering the time required for the 
adaptation of the consumer market and the establishment of 
suitable secondary energy systems, as well as the necessary 
investments, the limited production factors, and the limited 
resources of crude oil and natural gas, we conclude that the 
problems ahead are not of a long-term nature, but that they 
really demand urgent action. 
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